During the last years, alloyed semiconductor nanomaterials based on copper chalcogenides have attracted significant interest owing to their potential in low-cost photovoltaic^[@ref1]−[@ref14]^ and thermoelectric^[@ref15]−[@ref21]^ applications. These materials are made up of elements such as Cu, Zn, S, and Se that are basically earth-abundant and relatively low-toxic. The first direct colloidal syntheses of quaternary Cu~2~ZnSnS~4~ (CZTS) nanocrystals (NCs) and their use in the fabrication of solar cells have been reported by Guo *et al.*,^[@ref2]^ and the Prieto^[@ref4]^ and the Korgel groups.^[@ref5]^ Thus, synthesized NCs can be used in the form of a concentrated ink, which is then cast into films *via* techniques such as drop-casting, dip- and spin-coating, spray deposition, inkjet printing, *etc.* Then, the deposited films are typically sintered to produce continuous and more compact films, as nearly as bulk material. To improve efficiency of the resulting solar cells, CZTS-films are often subjected to a selenization process (*i.e.*, annealing of the NC-substrates, typically at 500 °C under Se vapors),^[@ref2],[@ref3],[@ref9],[@ref11]^ which leads to grain growth, and the replacement of sulfur by selenium resulted in the narrowing of the materials band gap from 1.5 eV for CZTS to 1 eV as calculated for CZTSe.^[@ref22]^ On the other hand, compositionally tunable low-temperature photoluminescence of Cu~2~ZnSn(S~*x*~Se~1--*x*~)~4~ NCs has recently been demonstrated by Singh *et al.*,^[@ref23]^ indicating their potential in photoemissive applications. Although even a multigram synthesis^[@ref24],[@ref25]^ and a continuous production^[@ref26]^ of CZTS nanoparticles in a flow reactor have already been developed, a significant control in terms of the size and shape is still not achievable by the direct synthesis for such complex quaternary materials, in contrast to well developed syntheses of binary semiconductor compounds (such as chalcogenides of zinc, cadmium, lead, mercury, as well as indium phosphide and arsenide). A few examples of the shape control in the colloidal synthesis of CZTS, reported to date, include wurtzite nanorods,^[@ref27]^ nanoprisms, and nanoplates.^[@ref28]^ As compared to CZTS, only a few synthetic approaches have so far been developed for CZTSe nanomaterials.^[@ref23],[@ref29]−[@ref32]^

Unlike the synthesis of binary compounds, the ternary and quaternary materials involve reactions between multiple precursors having different reactivities and, therefore, suffer from inherently poor control over NC nucleation and growth. This inevitably leads to broad variations in the size and, in some cases, in morphology and composition of the particles. This has been recently found by Ibáñez *et al.* in the synthesis of Cu~2~ZnGeSe~4~ NCs, where Cu~2~Se nanoparticles were preferentially nucleated as the very initial step of the growth, followed by incorporation of Zn and Ge ions.^[@ref17]^ A similar mechanism has also been proposed by Shavel *et al.* for the growth of CZTS NCs starting with the nucleation of Cu~2~S particles, followed by subsequent intercalation of Zn and Sn ions into the NC structure.^[@ref26]^ In such direct synthesis, the main drawback is that the incomplete conversion of Zn- and Sn-precursors into CZTSe NCs (30% of Sn and only 3% of Zn were incorporated)^[@ref29]^ leads to zinc- and/or tin-poor nonstoichiometric compounds,^[@ref33]^ which actually hinders the control on the composition of NCs. Additionally, in some cases, the particles exhibit an inhomogeneous distribution of elements, in particular Zn and Sn, over the quaternary NCs.^[@ref30]^ Therefore, apparently, the more complex the structure is, the more difficult it is to control its preparation. These issues clearly indicate that developing low-cost alloyed copper chalcogenides, such as CZTS, CZTSe, and CZTSSe, from more reliable synthetic routes, is of paramount importance for the future evolution of photovoltaics and thermoelectrics based on NCs.

Bearing in mind the discussions outlined above, here we report a straightforward and reproducible approach to prepare alloyed NCs, starting from a colloidal synthesis of Cu~2--*x*~Se~*y*~S~1--*y*~ nanoplatelets (NPLs) employing a recently developed Se-precursor.^[@ref31]^ The nanoparticles thus obtained have been subjected to a partial cation exchange reaction based on the replacement of copper by zinc and/or tin ions in the copper selenide--sulfide crystal lattice, which has yielded CZSeS, CTSeS, and CZTSeS NPLs. In this way, our synthesis scheme combines a facile NC morphology control with its compositional tunability. As an additional advantage, cation exchange on already synthesized nanoparticles prevents possible separated nucleation events of corresponding binary and ternary compounds and ensures a homogeneous distribution of elements within the resulting alloy NCs. While complete cation exchange is a quite well developed method for the chemical transformation of binary NCs with preservation of their anion lattices *via* one-step or sequential exchange reactions, a partial exchange is an emerging technique which can yield a wide range of alloyed structures.^[@ref34]−[@ref40]^ In our approach the composition of the particles is easily controllable by adjusting the initial feed ratio of Zn- and/or Sn-precursors to Cu~2--*x*~Se~*y*~S~1--*y*~ NPLs in the reaction mixture, while preserving their size, shape and crystal structure. This variation of the composition allows for a precise tuning of the band gap of the obtained materials, as has been demonstrated by optical and cyclic voltammetry (CV) characterizations.

Results and Discussion {#sec2}
======================

As-synthesized copper selenide--sulfide platelet shaped NCs represent a convenient system for performing cation exchange reactions, given their large surface to volume ratio, as compared to spherical particles. Furthermore, 2D semiconductor crystals with a thickness smaller than their lateral dimensions are promising materials for micro- and optoelectronics.^[@ref41]^ The scheme of the NPLs synthesis with subsequent zinc and tin cations incorporation in the pristine NPLs is depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. In a typical synthesis, the injection of the Se-precursor into the hot solution of Cu-precursor in 1-dodecanethiol (DDT)/oleylamine (OlAm) mixture yields NPLs with average lateral dimensions of 17.6 ± 4.6 nm and thickness of 4 ± 0.2 nm after 4 min of the reaction at 220 °C. The corresponding size distribution histogram of NPLs is presented in Figure SI1 (see the [Supporting Information](#notes-1){ref-type="notes"}).

![Scheme of the synthesis of pristine copper selenide--sulfide NPLs and subsequent cation exchange.](nn-2014-02906z_0002){#fig1}

Conventional transmission electron microscopy (TEM) survey images display a view of the morphology and size distribution of as-synthesized NPLs (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). In particular, NPLs of similar sizes tend to spontaneously assemble into ribbons of face-to-face stacked platelets when they are deposited on TEM grids (see Figure SI2 in the [Supporting Information](#notes-1){ref-type="notes"}), or in stacks made up of vertically arranged plates (see inset in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). This stacking behavior is characteristic of the platelet shape and is often exploited for assembling CuS, Cu~2~S, and Cu~2--*x*~Se nanodisks.^[@ref42]−[@ref46]^ The atomic quantification of the pristine NPLs, obtained *via* energy dispersive X-ray spectroscopy (EDS), yielded content of Cu 65 ± 1.3%, Se 26 ± 1.1%, and S 9 ± 0.7%, which corresponds to the composition Cu~1.82~Se~0.74~S~0.26~ (see the inset in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). We assume that incorporation of S into the NPLs occurs due to the DDT decomposition during the synthesis, similar to what has been found on copper selenide--sulfide and telluride--sulfide spherical particles,^[@ref47]^ as well as copper telluride NPLs.^[@ref48]^

![Conventional TEM images of pristine (a) and exchanged Cu-rich (CZTSeS5 in Table SI1 in the [Supporting Information](#notes-1){ref-type="notes"}) (b) and Zn-rich (CZTSeS2) (c) NPLs. Inset in (a) shows corresponding NPLs arranged vertically. (d--f) High-angle annular dark field (HAADF) scanning TEM (STEM) observations of the NPLs shown in (a--c); insets below display their corresponding STEM-EDS spectra where the main peaks of S, Sn, Cu, Zn, and Se are shown consistent with chemical compositions of Cu~1.82~Se~0.74~S~0.26~, Cu~0.54~Zn~0.31~Sn~0.23~Se~0.79~S~0.21~, and Cu~0.15~Zn~0.88~Sn~0.04~Se~0.75~S~0.25~ for the pristine, Cu-rich, and Zn-rich samples, respectively. Corresponding size distributions of the NPLs are shown in [Figure SI1](#notes-1){ref-type="notes"}.](nn-2014-02906z_0003){#fig2}

In spite of the similarity in the chemical composition of our platelets to that of pure Cu~2--*x*~Se, their crystal structure was not compatible with cubic berzelianite. The corresponding powder X-ray diffraction (XRD) pattern can be indexed to two Cu~2~S phases possessing a hexagonal sublattice of S atoms, *i.e.*, hexagonal high-chalcocite (JCPDS Card 84-0207) and monoclinic low-chalcocite (JCPDS Card 83-1462), as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Alternatively, it can be considered as a metastable phase with a hexagonal chalcocite-like structure,^[@ref49]^ in which ∼75% of the smaller S atoms in the anionic sublattice were substituted by larger Se atoms. A small deviation of the experimental diffraction pattern of pristine NPLs from the reference Cu~2~S chalcocite phases should be ascribed to the different sizes of Se^2--^ and S^2--^ ions, leading to a volume dilation of the unit cell of the metastable chalcocite-like Cu--Se--S phase (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, lower inset). Such shift was recently observed by Singh *et al.* for CZTSSe NCs with varying their Se content from 0 to 1.^[@ref23]^ Crystal structure assessment of copper selenide--sulfide plates, performed *via* high resolution TEM (HR TEM), evidenced lattice sets and crystal axis directions compatible with hexagonal symmetry, confirming the XRD data. In particular, the main lattice sets displayed *d*-spacing of 2.0 and 3.6 Å with angular relationships consistent with {110} and {100} lattice planes of the hexagonal chalcocite-like structure (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).

![Structural characterization of NPLs. (a) XRD patterns of the pristine (lower inset), and the exchanged CZTSeS NPLs (for their compositions see Table SI1 in the [Supporting Information](#notes-1){ref-type="notes"}) (upper inset). (b--d) HRTEM characterization of the corresponding NPLs displaying the main lattice sets {110} and {100} preserved before and after cation exchange, as confirmed by crystal axis angle relationship shown in the corresponding Fourier transform (FT) in the lateral insets.](nn-2014-02906z_0004){#fig3}

As-prepared NPLs in the form of a crude reaction mixture were subjected to the cation exchange process, as depicted in the synthesis scheme in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. For the preparation of CZSeS and CTSeS alloys, cation precursors as zinc chloride (ZnCl~2~) or tin(IV) bis(acetylacetonate) dichloride (Sn(acac)~2~Cl~2~) were employed. CZTSeS NPLs were synthesized *via* simultaneous reaction with both precursors at 100 °C in the presence of tri-*n*-octylphosphine (TOP), which, as a soft base, selectively binds to soft acid Cu^+^ ions.^[@ref38],[@ref40]^ DDT and OlAm facilitate solubilization of zinc and tin salts *via* formation of metal--OlAm and metal--DDT complexes which react with the particles in a quite homogeneous system. Mild conditions of the cation exchange, such as moderate temperature and low concentrations of substituting ions, ensure complete preservation of the morphology of the initial NPLs (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and size distribution histograms in Figure SI1 in the [Supporting Information](#notes-1){ref-type="notes"}). We note that at higher reaction temperatures (150--200 °C) etching of the plates occurred. As it was demonstrated by our group, the addition of a large excess of the Zn-precursor in the Cu^+^ → Zn^2+^ exchange (typically Zn/Cu = 50--100/1) leads to a complete replacement of Cu ions.^[@ref49],[@ref50]^ Therefore, for a partial exchange, we have used precursors in molar ratios of Cu/Zn(Sn) ≤ 2. We have observed that the reaction of 2-fold molar excess of Zn-precursor relative to Cu led to approximately 85% replacement of copper ions with Zn^2+^ ions, yielding the ratio of Zn/Cu = 6 in the exchanged NPLs (see CZSeS sample in Table SI1 in the [Supporting Information](#notes-1){ref-type="notes"}). As seen from the table, under the same synthetic conditions tin replaces only ∼30% of copper giving the final ratio Cu/Sn = 2.5 in the nanoparticles (CTSeS in Table SI1). Therefore, by addition of up to 2-fold excess of zinc- or tin-precursors, one can vary their incorporation level in the range of 0--85% for Zn and 0--30% for Sn, relative to copper in CZSeS and CTSeS particles, respectively.

When the two precursors are combined in one pot, it is possible to intercalate both Zn and Sn into Cu~2--*x*~Se~*y*~S~1--*y*~ NPLs simultaneously. As follows from the data presented in [Table SI1](#notes-1){ref-type="notes"}, by analogy with the separate cation exchange reactions, zinc is incorporated in a larger amount than tin. Limited incorporation of tin is probably due to a lower reactivity of the Sn-precursor, as compared to that of the Zn-precursor. In addition, Zn^2+^ has an ionic radius comparable to that of Cu^+^ ion (0.6 Å for both ions in the coordination number 4, and 0.74 and 0.77 Å for Zn^2+^ and Cu^+^ in the coordination number 6, respectively),^[@ref51]^ which should facilitate accommodation of zinc ions to the crystal lattice of copper sulfide--selenide. On the other hand, Sn^4+^ ions having smaller radius exhibit larger charge density that can hamper their diffusion within the crystals. Hence, zinc replaces Cu^+^ ions more efficiently, and since it is in a large excess, it can completely substitute them in Cu~2~Se and Cu~2~S NCs preserving their structure.^[@ref49],[@ref50]^ Therefore, to reach equivalent content of Zn and Sn in CZTSeS particles, the tin-precursor should be added in excess relative to zinc, as is demonstrated by the sample CZTSeS5. In this case, cation exchange reaction at the initial ratio of Cu/Zn/Sn = 8/1/4 yielded an alloy with a stoichiometry close to Cu~2~ZnSn(S,Se)~4~. The reaction with equal amounts of Zn and Sn with the same ratio between tin and copper (Cu/Sn = 2/1) led to a Zn-rich and Cu-, Sn-deficient composition (CZTSeS2). Here we note that Zn-rich and Cu-poor compositions of CZTS(Se) are known to provide higher efficiencies of solar cells built thereof.^[@ref9],[@ref12]^ Thus, by varying the content of the precursors in the cation exchange reaction, one can easily tune the composition of the resulting materials.

As revealed by TEM analysis, after the ion exchange reaction, a part of copper atoms located in cation sites was replaced by zinc or/and tin atoms. The incorporation of the guest ions tends to preserve the overall crystalline structure and morphological parameters of the NPLs, as shown by structural assessment performed *via* HRTEM and XRD analysis (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), and by shape characterization performed *via* STEM imaging. The HRTEM crystal structure characterization and STEM-EDS chemical analysis of the exchanged NPLs were congruent with a direct incorporation process of Zn and Sn into the crystal lattice of the pristine platelets, thus giving rise to an alloy structure. No evidence of any anisotropic elements segregation/incorporation, such as reaction boundaries at the edges of particles, core/shell structures, janus-like structures or secondary phase nucleation, was observed. Moreover, all the area and point STEM-EDS analyses, carried out on a large number of single platelets, confirmed their alloy structure, as also established by STEM-EDS line mapping shown in Figure SI3 (see the [Supporting Information](#notes-1){ref-type="notes"}).

The Se/S atom ratio in exchanged samples was practically the same as in the pristine plates (∼3/1), corroborating the preservation of the anionic sublattice.^[@ref49]^ The XRD characterization indicated that incorporation of zinc and tin cations into a chalcocite-like cell led to a slight rearrangement of the structure to hexagonal ZnSe (PDF card 01-080-0008). Thus, as seen in the upper inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, the intensity of the main peaks increased and they became more prominent with increasing Zn content, *i.e.*, from CZTSeS5 to CZTSeS2. HRTEM measurements of CZTSeS NPLs revealed lattice sets with *d*-spacing of 2.0 and 3.5 Å and crystal axis relationships consistent with {110} and {100} lattice planes, given that the main hexagonal structure, imposed by anion hexagonal sublattice, was preserved during cation exchange (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d). We believe that one of the factors responsible for the lattice preservation is DDT, which is known to help NCs of alloyed copper chalcogenides (such as CTSe,^[@ref52]^ CZTS,^[@ref27],[@ref28]^ and CZTSSe^[@ref23]^) retain the wurtzite structure. It was demonstrated by Norako *et al*. that, without the addition of DDT, CTSe crystallizes in a phase-pure cubic product.^[@ref52]^

To verify the phase-purity of the synthesized alloyed CZTSeS NPL compounds, we performed Raman spectroscopy measurements of CZTSeS2 and CZTSeS5 samples (for the spectra see Figure SI4 in the [Supporting Information](#notes-1){ref-type="notes"}). From the best Lorentzian multiple peak fitting, the observed major peak positions at 196 and 330 cm^--1^ for Cu rich CZTSeS5 confirm the formation of alloy CZTSeS phase, which match well with the literature data.^[@ref23]^ In addition, the intensive Raman modes shift toward higher wave numbers by ∼5 cm^--1^ for the Zn rich CZTSeS2 sample. In both cases Raman spectra clearly show single phase of CZTSeS without any impurities such as ZnS, ZnSe or initial CSeS seeds, which have strong vibrational modes at 351, 251, and 260 cm^--1^, respectively.^[@ref53]−[@ref56]^ Here we note that initial CSeS NPLs exhibited only a very weak Raman signal. Moreover, the absence of vibrational modes at 180 cm^--1^ further confirms the absence of CTSeS phase impurity.

X-ray photoelectron spectroscopy (XPS) analysis of the pristine and exchanged samples revealed that copper was present solely as Cu(I), since no Cu(II) satellites were observed (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,d). The shape of Se 3d peaks, shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, suggests that NPLs contain mainly selenide ions (Se 3d~5/2~ line at 53.9 ± 0.2 eV), but also likely traces of di- or poly selenides.^[@ref57]^ The determination of the oxidation state of both zinc and tin requires XPS and Auger data, because the typical binding energy ranges for Zn(0)--Zn(II) pair, as well as for Sn(II)--Sn(IV) pair, overlap. In CZTSeS NPLs, zinc was present as Zn(II), according to the positions of its 2p~3/2~ and LMM peaks with binding energy of 1021.8 eV and kinetic energy of 989.9 eV, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e,f). For tin, we observed 3d~5/2~ peak at 486.3 eV, while the Sn MNN Auger peak is at approximately 434.6 eV of kinetic energy ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f,e). Since the reported position of the Auger peak for Sn(IV) species is always lower than 433 eV,^[@ref58]^ we could assign the oxidation state of tin as Sn(II). However, in this case, taking into account the compositions of our alloyed compounds and the oxidation states of all constituting elements, we should note that we do not reach a proper balance between positive (metals) and negative (chalcogens) oxidation states. Therefore, our assignment of tin species as Sn(II) still needs a further clarification *via* alternative characterization techniques. A possible reducing agent for Sn^4+^ → Sn^2+^ reduction is DDT, which is present in a large amount, as compared to that of the cation precursor, in the reaction mixture. Analogous to the preparation of Se-precursor,^[@ref31]^ DDT can be easily oxidized forming disulfide. Related comparative studies on the cation exchange involving Sn^2+^ and Sn^4+^ precursors are currently ongoing in our group and will be published elsewhere. The oxidation state of Se did not change upon cation exchange, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g, where the Se 3d line is characterized by the same position and shape as in the case of pristine copper selenide--sulfide NPLs. The determination of sulfur oxidation is complicated due to the overlap with Se peaks, both for S 2p and S 2s lines ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}h,i). However, the position of the main component of S 2p at 161.6 eV reveals the presence of sulfides S^2--^.

![XPS narrow scans on Cu, Se, and S peaks of CSeS NPLs (a--c); Cu, Zn, Sn, Se, and S peaks of CZTSeS5 NPLs (d--i). Peak positions are listed in Table SI2 of the [Supporting Information](#notes-1){ref-type="notes"}.](nn-2014-02906z_0005){#fig4}

We have observed by means of UV--vis-NIR spectroscopy that the incorporation of zinc and tin into Cu~2--*x*~Se~*y*~S~1--*y*~ NPLs greatly alters their optical properties. As seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, the pristine NPLs exhibit a broad localized surface plasmon resonance in the NIR region with maximum at ∼2100 nm, which is attributed to the oscillation of holes (Cu vacancies) created *via* oxidation processes^[@ref59]−[@ref61]^ (we note that according to EDS analysis, *x* = 0.18 in as prepared copper selenide--sulfide particles). The broadening and red shift of the plasmon band, as compared to the commonly reported region of 1100--1300 nm^[@ref47],[@ref62]−[@ref66]^ for Cu~2--*x*~Se and Cu~2--*x*~Se~*y*~S~1--*y*~ NCs of various sizes and crystal structures, may be explained by considering such band as due to an "in-plane" resonance mode, analogous to that reported for CuS nanodisks.^[@ref67],[@ref68]^ This plasmon band is suppressed by the incorporation of guest cations into the copper selenide--sulfide structure, which in turn could fill copper vacancies and, if needed for the charge compensation, extract electrons from the environment. Interestingly, a sample with a high Zn content, equal to Cu (CZTSeS3 in Table SI1 of the [Supporting Information](#notes-1){ref-type="notes"}, Cu/Zn = 1/1), still exhibits a broad plasmon band of low intensity (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), revealing the presence of copper vacancies in the alloyed lattice. Even the sample with dominating ZnSe crystal structure (CZSeS) has a very weak absorption in the NIR region. Upon increasing tin content (see samples CZTSeS3--5 in Figure SI5 of the [Supporting Information](#notes-1){ref-type="notes"}), the plasmon was dampened and the absorption onset was shifted toward longer wavelengths, most likely due to the removal of the Cu vacancies, which lowers the free carrier (hole) density.

![(a) Optical absorbance spectra of pristine Cu~2--*x*~Se~*y*~S~1--*y*~, CZSeS, CTSeS, and CZTSeS NPLs obtained by the cation exchange (top). The corresponding zoomed region (350--1500 nm) without plasmonic samples is shown on the bottom. Note that sharp peaks in the NIR region arise from tetrachloroethylene and the traces of chloroform. (b) Corresponding plots of (α*h*ν)^2^*versus* energy with an extrapolation of the spectra (dashed lines) to determine optical band gap values of CSeS, CZTSeS2, CTSeS, and CZTSeS5 NPLs.](nn-2014-02906z_0006){#fig5}

The addition of cerium(IV) ammonium nitrate (NH~4~)~2~Ce(NO~3~)~6~ used as an oxidizing agent^[@ref47],[@ref62]^ to these samples did not lead to the appearance of the plasmon band (*i.e.*, Cu-vacancies were not generated), confirming their stability against oxidation (see Figure SI6 in the [Supporting Information](#notes-1){ref-type="notes"}). As seen from the spectra in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, the farthest IR absorbers among the nonplasmonic samples synthesized contain the largest amount of tin (CTSeS and CZTSeS5, with absorption onset at ∼1350--1400 nm), suggesting that they have the narrowest band gaps, as confirmed by estimation of their optical band gaps presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. The direct optical band gaps (*E*~g,opt~) of pristine CSeS, as well as exchanged CZTSeS2, CTSeS, and CZTSeS5 NPLs were determined from their absorbance spectra by extrapolation of the linear region of (α*h*ν)^2^ plots *versus* energy, where α is a corresponding absorption and *h*ν is the photon energy. In general, all the alloy NPLs synthesized in this work exhibit featureless bulk-like absorption profiles which are characteristic of CTSe and CZTS(Se) nanomaterials reported to date.^[@ref2],[@ref23],[@ref27],[@ref29],[@ref52],[@ref69]^

To investigate the electrochemical behavior of the synthesized NPLs, which is particularly important for their application as light absorbers in solar cells, we have performed cyclic voltammetry (CV) measurements. In general, CV has been proven as an effective technique for the characterization of semiconductors in determining their electrochemical band gaps (*E*~g,EC~) as well as the energy levels of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Conventionally, materials such as conjugated polymers have been investigated by CV in order to assess their energy levels and *E*~g,EC~,^[@ref70]^ since the onset of red-ox currents (in CV traces) can be correlated to the electron affinity (*E*~a~) and ionization potential (*I*~p~) according to the calculations performed by Bredas *et al.*([@ref71]) Subsequently, this method has increasingly been used to assess the electrochemical properties and *E*~g,EC~ of semiconductor NCs,^[@ref72]^ such as CdSe, CdTe, CdSe~*x*~Te~1--*x*~,^[@ref73]^ and CdS~*x*~Se~1--*x*~.^[@ref74]^ Recently, materials such as Cu chalcogenide-based NCs have also been investigated *via* CV. For example, Ahmadi *et al.* reported the *E*~g,EC~ of ∼20 nm sized Cu~2~SnSe~3~ NCs to be 1.5 eV, which was however slightly higher than the optically determined band gap value *E*~g,opt~ = 1.3 eV.^[@ref75]^ Furthermore, chalcopyrite type CuInS~2~ NCs with size ranges of 3--8 nm have been characterized by size-dependent *E*~g,EC~ values.^[@ref76]^

In typical CV measurements the potentials at which the red-ox (reduction/oxidation) processes take place are commonly referenced to the standard hydrogen electrode potential (NHE) for estimating the *E*~g,EC~ of NCs.^[@ref77]^ The positions of energy levels of nanocrystalline materials can be clearly resolved as red-ox peak onsets representing their HOMO/LUMO states. This means that the electron transfer process (*i.e.*, withdrawing or injecting electrons) is mediated through the valence band (VB) edge and conduction band (CB)^[@ref74]^ edge for a given semiconductor NC. Copper chalcogenides such as Cu~2--*x*~S, Cu~2--*x*~Se and Cu~2--*x*~S~*y*~Se~1--*y*~, which are characterized by large free carrier densities, display *E*~g,opt~ values in the range of 1.2--2 eV^[@ref78]^ and also exhibit clear red-ox processes involving charge transfer.^[@ref79]^ In our electrochemical measurements, the as-prepared NPLs (without any surface treatment) were directly deposited onto glassy carbon electrodes, and thoroughly dried in order to obtain NPL films. In the CV traces presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, the NPLs had evidenced prominent and asymmetric peaks related to their oxidation and reduction processes separated by a gap in terms of the potentials (V). This is indicative of an energy barrier or gap between the band edges of the NPLs. Here, the oxidation current can be related to the addition of holes to the HOMO level, while the reduction is related to the addition of electrons to the LUMO of NPLs, which are directly derivable from the onset of anodic and cathodic currents in CV traces. Therefore, the onset points, from which the prominent current peaks had emerged along the potential scan, have been deduced (as indicated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). These onset points can also be used to identify the positions of VB and CB edges of the NPLs, upon adding/removing electrons, according to the equations *E*~a~(*E*~LUMO~) = −(*E*~pc~^red^ + 4.4) eV; *I*~p~(*E*~HOMO~) = −(*E*~pa~^ox^ + 4.4) eV, where *E*~pc~^red^ and *E*~pa~^ox^ are the onsets of reduction and oxidation potentials, as discussed earlier. After a gap (where there was no flow of an appreciable current) along the potential scan, these points of current onsets led to multiple peaks in both oxidation and reduction potentials, which were typically in the range of approximately −1.0 to −0.3 V for reduction and +1.7 to +0.5 V for oxidation, as indicated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a. From these onsets, the corresponding *E*~g,EC~ values were deduced. They are reported in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, and plotted with reference to TiO~2~ band positions,^[@ref80]^ which is most commonly employed as a transparent electron-accepting layer in heterojunction solar cells.^[@ref81]−[@ref85]^ The appearance of additional peaks in the CV traces is typical for semiconductor nanomaterials, and they are often related to different surface states^[@ref86]^ since a CV scan is extremely sensitive to the presence of defects that, for example, could activate trap states in NPLs. Nevertheless, a general consensus is that the band gaps (*E*~g,EC~) calculated *via* CV is slightly higher than the optically measured ones (*E*~g,opt~).^[@ref70],[@ref72]^ For instance, as follows from comparison of [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b and [6](#fig6){ref-type="fig"}b, the estimated *E*~g,EC~ values for CSeS and CZTSeS5 NPLs were much closer to the optically estimated *E*~g,opt~ ones, while the samples CTSeS and CZTSeS2 exhibited larger differences. This is partly because the zinc incorporation in these crystals increases their red-ox energies due to the widening of their band gap. In our case, the reported *E*~g,EC~ for various types of NCs developed can have a maximum difference of ±0.25 eV.

![CV responses of pristine CSeS, CTSeS, and CZTSeS NPLs obtained by the cation exchange (a). The band gap positions of the materials synthesized with respect to the conduction and valence band levels of TiO~2~^[@ref80]^ with energies reported *vs* NHE and vacuum (b).](nn-2014-02906z_0007){#fig6}

As displayed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, *E*~g,EC~ of the investigated NPLs ranges from 1.0 to 2.1 eV. From the data presented, one can observe a good correlation between the different compositions of NPLs and their corresponding band gap values. Thus, for instance, the composition of CZTSeS2 with the highest Zn content and the lowest Sn content is reflected in a wide band gap (2.1 eV), which narrows down with reducing Zn and increasing Sn amount (1.3 eV for CZTSeS5). Incorporation of solely tin ions into Cu~2--*x*~Se~*y*~S~1--*y*~ NPLs also results in a narrowing of their band gap from 1.5 to 1.0 eV. Additional verification of our band gap estimation provides a comparison with recently published data on CZTSeS NCs with composition similar to our CZTSeS5 sample. Thus, the band gap of CZTSeS was evaluated as 1.19 eV, both optically and electrochemically, with its CB and VB edges at −4.53 and −5.72 eV, respectively.^[@ref87]^ The difference between these data and our results (*E*~g~ = 1.3 eV; CB and VB edges = −4.0 and −5.3 eV, respectively) can be explained by differences in the NC composition, *i.e.*, higher Cu and Zn, and lower Sn contents (Cu~2.15~Zn~1.24~Sn~0.92~Se~3.2~S~0.8~*vs* reported Cu~2~ZnSnSe~3.2~S~0.8~).

Overall, as seen in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, the calculated band edges of the samples lie above the CB edge of TiO~2~ (as well as ZnO^[@ref80]^) suggesting that they are suitable as light absorbers for heterojunction solar cells. Among them, CTSeS and CZTSeS5, which possess narrowest band gaps with CB edges situated 0.3 eV above that of TiO~2~, that should prevent the back transport of electrons, and which, at the same time, exhibit light absorption extended to the NIR region (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) are the most promising candidates for photovoltaic applications. In addition, a large discontinuity between their HOMO levels and that of titanium oxide (\>1 eV) should, in principle, prevent hole transfer and charge recombination at the NPLs/TiO~2~ interface.

Conclusion {#sec3}
==========

We have developed a convenient approach for the preparation of copper zinc (tin) selenide--sulfide (CZSeS and CTSeS) and copper zinc tin selenide--sulfide (CZTSeS) nanoplates (∼20 nm) with tunable band gap. Our synthesis scheme essentially involves a combination of colloidal synthesis for the starting Cu~2--*x*~Se~*y*~S~1--*y*~ NPLs and an *in situ* partial cation exchange for alloying. Remarkably, the initial feed ratio of cation precursors (*i.e.*, Zn and/or Sn) to copper ions appears to mediate the final composition of the alloyed compounds without altering the morphology and hexagonal crystal structure as that of the starting copper selenide--sulfide NPLs. The strategy proposed by us can be extended to other cations, as well as other copper chalcogenide nanoparticles, *i.e*. copper sulfide and telluride, with various shapes and crystal structures, or to design new chemical compounds with metastable crystal phases yielding more complex tailor-made nanomaterials with tunable properties, which otherwise would be more difficult to access from the direct synthesis. We demonstrate that by the incorporation of guest zinc and tin cations into Se/S anion framework of Cu~2--*x*~Se~*y*~S~1--*y*~ NPLs, it is possible to engineer the band gap of the resulting alloyed NCs, which opens new opportunities for their application as light absorbers to fabricate solar cells.

Methods {#sec4}
=======

Materials {#sec4.1}
---------

Copper(II) acetylacetonate (Cu(acac)~2~, 97%), ZnCl~2~ (99.999%), Sn(acac)~2~Cl~2~ (98%), DDT (≥98%), OlAm (70%), 1-octadecene (ODE, 90%), tetrabutylammonium perchlorate (TBAP, ≥98%), acetonitrile (99.8%), tetrachloroethylene (TCE, ≥99%), acetone (≥99.5%), and dichloromethane (≥99.8%) were purchased from Sigma-Aldrich; selenium powder (Se, 99.99%), TOP (97%) were from STREM chemicals; chloroform (anhydrous, 99.95%), methanol (anhydrous, 99.9%) were from Carlo Erba reagents. All chemicals were used as received without further purification.

Synthesis of Cu~2--*x*~Se~*y*~S~1--*y*~ NPLs {#sec4.2}
--------------------------------------------

The synthesis was performed using a standard Schlenk line technique. First, a Se-precursor solution was prepared according to the previously reported method.^[@ref31]^ Briefly, 10 mM of Se powder (0.79 g) was mixed with 5 mL of DDT and 5 mL of OlAm and the mixture was subsequently degassed under vacuum at 60 °C for 1 h. Se powder completely dissolved through the reduction by DDT, forming alkylammonium selenide brown stock solution, which was cooled to room temperature and stored in a nitrogen filled glovebox. In a typical NPLs synthesis procedure, 1 mM of Cu(acac)~2~ (262 mg) was mixed with 3.5 mL of DDT and 10 mL of OlAm in a three-neck round-bottom flask and the mixture was degassed under vacuum (pressure of 2--5 × 10^--2^ Torr) and vigorous stirring at 60 °C for 1 h. Afterward, the flask was filled with nitrogen and quickly heated to 220 °C (4--5 min to reach the temperature). Cu(acac)~2~ completely dissolved forming a clear yellow solution. At this temperature a mixture of 0.5 mL of the Se-precursor, prepared as described above, with 1.5 mL of DDT was swiftly injected, using a syringe, into the flask leading to immediate color change from yellow to brown. The reaction mixture was kept at 220 °C for 4 min and then cooled to room temperature. For further characterization, the prepared NPLs were purified in an inert gas atmosphere by centrifugation of the crude reaction mixture with subsequent dissolving of the precipitate in 2--3 mL of chloroform. This solution was washed 2--3 times by adding 1--2 mL of methanol, precipitating NPLs by centrifugation and redissolving them in chloroform. As a byproduct of the synthesis a small fraction (less than 10%) of spherical Cu~2--*x*~Se~*y*~S~1--*y*~ NCs with sizes of approximately 5--6 nm was formed. These particles were easily separated by centrifugation of the reaction mixture, after which they remained in solution whereas the platelets precipitated.

*In situ* Cation Exchange {#sec4.3}
-------------------------

For the cation exchange, a crude reaction mixture was used without further purification. Three milliliters of the mixture and 1 mL of TOP were added to a dispersion of various amounts of ZnCl~2~ or/and Sn(acac)~2~Cl~2~ (see the [Results and Discussion](#sec2){ref-type="other"} part for the ratios of Cu/Zn/Sn) in 4 mL of ODE, which was previously degassed for approximately 30 min. The temperature of the mixture was raised to 100 °C and kept for 20 min. After cooling, the reaction product was purified using the same procedure as for initial Cu~2--*x*~Se~*y*~S~1--*y*~ NPLs.

Cyclic Voltammetry (CV) {#sec4.4}
-----------------------

All electrochemical measurements were performed using a PARSTAT 2273, in a conventional three electrodes cell. A 0.1 M solution of TBAP in acetonitrile, used as an electrolyte, was purged with nitrogen prior to the measurements and in between the measurements to remove any traces of oxygen. Glassy carbon disc electrodes were polished to mirror-like finish using a diamond paste (0.5 μm diameter particles) and thoroughly rinsed with acetone and dichloromethane. The samples for measurements were prepared in a nitrogen filled glovebox. NPLs were deposited onto the electrodes by drop-casting from chloroform solutions with subsequent drying. Potentials were reported *vs* Ag/AgCl in CV and for calculations *vs* NHE.

Transmission Electron Microscopy (TEM) {#sec4.5}
--------------------------------------

Samples were prepared by dropping diluted NPL colloidal suspensions onto carbon-coated 200 mesh copper and ultrathin carbon-coated 400 mesh gold grids for conventional TEM and HRTEM imaging, respectively, and letting the solvent evaporate. Conventional TEM observations were carried out using a JEOL JEM 1011 microscope equipped with a thermionic gun operating at 100 kV of accelerating voltage. HRTEM, HAADF-STEM and EDS analyses were performed on a JEOL JEM-2200FS microscope equipped with a field emission gun working at 200 kV, a CEOS spherical aberration corrector of the objective lens allowing for a subangstrom spatial resolution of 0.9 Å. The chemical composition of the NPLs was determined in STEM mode, using a Bruker Quantax 400 system with a 60 mm^2^ XFlash 6T silicon drift detector. The elemental quantification and the elemental line profile were performed in STEM-EDS mode using a 0.7 nm electron probe wide. For STEM-EDS chemical analyses, NPL solutions were drop-casted onto ultrathin carbon-coated gold grids and the measurements were carried out using an analytical double tilt holder equipped with a low background beryllium tip in order to avoid any interference between the signals coming from the grid/holder and the NPLs.

Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS) {#sec4.6}
---------------------------------------------------------------------------

Additional EDS characterization was performed on a high resolution scanning electron microscope Jeol JSM-7500F equipped with a cold field emission gun using an Oxford X-Max 80 system with a silicon drift detector having an 80 mm^2^ effective area. The analyses were done with an accelerating voltage of 10 kV, and the spectra were acquired for 300 s live time. Standardless quantification was achieved with Aztec Energy EDS Software.

X-ray Photoelectron Spectroscopy (XPS) {#sec4.7}
--------------------------------------

The samples were prepared in a glovebox by drop-casting NPL colloids on a graphite substrate (HOPG, ZYB quality, NT-MDT) and then transferred to the XPS setup avoiding air-exposure. Measurements were performed on a Kratos Axis Ultra DLD spectrometer, using a monochromatic Al Kα source (15 kV, 20 mA). Wide scans were acquired at analyzer pass energy of 160 eV. High resolution narrow scans were performed at constant pass energy of 10 eV and steps of 0.05 eV. The photoelectrons were detected at a takeoff angle of Φ = 0° with respect to the surface normal. The pressure in the analysis chamber was maintained below 7 × 10^--9^ Torr for data acquisition. The data were converted to VAMAS format and processed using CasaXPS software, version 2.3.15. The binding energy (BE) scale was internally referenced to the C 1s peak (BE for C--C = 284.8 eV).

Powder X-ray Diffraction (XRD) {#sec4.7.1}
------------------------------

XRD patterns were recorded on a Rigaku SmartLab 9 kW diffractometer. The X-ray source was operated at 40 kV and 150 mA. The diffractometer was equipped with a Cu source and a Göbel mirror to obtain a parallel beam and to suppress Cu Kβ radiation (1.392 Å). To acquire data, a 2-theta/omega scan geometry was used. The samples were prepared by drop casting concentrated NPL solutions onto a zero background silicon substrate. The PDXL software of Rigaku was used for phase identification.

UV--vis--NIR Spectroscopy {#sec4.8}
-------------------------

Absorbance spectra of NPLs dissolved in TCE were measured in 1 cm path length quartz cuvettes using a Varian Cary 5000 UV--vis--NIR spectrophotometer. Dilute NPL solutions were prepared inside a nitrogen filled glovebox.

Raman Spectroscopy {#sec4.9}
------------------

Raman spectra were recorded using an optical microscope with 50× objective attached to a HR800 (Jobin Yvon) spectrometer with an excitation wavelength of 632 nm. Power incident on the sample surface was about 4 mW with a laser spot size of about 150 μm. Dispersion of the Raman scattering was achieved through a grating with 1800 lines/mm. Data acquisition was done for 120 s in the range of 300--100 cm^--1^. Colloidal NPLs were drop-cast on a silicon wafer under inert atmosphere.

Elemental Analysis {#sec4.10}
------------------

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis performed on an iCAP 6000 spectrometer (ThermoScientific) was used to quantify the copper content in the NPLs. The samples were digested in aqua regia (HCl/HNO~3~ = 3/1 (v/v)) prior to measurements.

Size distribution histograms of the pristine and exchanged NPLs; TEM image of initial Cu~2--*x*~Se~*y*~S~1--*y*~ NPLs assembling in stripes; Raman spectra of CZTSeS2 and CZTSeS5 NPLs; tables summarizing elemental compositions of the samples, as well as XPS peak positions from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}; absorbance spectra of all compounds obtained, as well as those of CZTSeS5 NPLs before and after addition of the oxidizing agent. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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